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Introduction
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FRIB Technical Construction 2014 — 2022
World s nghest Energy Heavy Ion Linac / CW Hadron Linac

mm FRIB linac includes the front end and 46

DOE and MSU cooperative agreement
CD-1: preferred alternatives decided

CD-2/CD-3a: performance baseline, start of civil
construction & long lead procurement

CD-3b: start of technical construction

FRIB linac construction completion

Project technical construction completion
CD-4: project completion
Start of PAC1 user experiments at 1 kW beam power

User experiments at 5 kW primary beam power

Jun 2009
Sep 2010

Aug 2013

Aug 2014
May 2021
Jan 2022
Apr 2022
May 2022
Feb 2023

superconducting RF cryomodules
« ECR ion sources, RFQ

» 324 SRF cavities in 46 cryomodules with
velocity 3 from 0.041 to 0.53

208 cold magnets, 350 warm magnets
= Liquid helium for 2 K, 4 K operations

= Liquid lithium charge stripping and rotating
target for iSOtOpe prOle.%LPQ{onzs MOIAAOQ1, Slide 4



Accelerator Complex with Separation of Isotopes In-
flight: Fast, Stopped, and Reaccelerated Beams
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More than 200 Rare Isotope Beams Delivered
to Nine FRIB User Experiments for Year 1
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Complexity and lessons
learned

F R I B a Facility for Rare Isotope Beams
Qv@ e e, ot J. Wei, SRF2023 MOIAAO1, Slide 7



Evolution of Proton and Heavy lon Beam Power

= Comparing with proton-based facilities, lower-energy, heavy-ion based
facilities face challenges including high dissipation-power density and

high radiation damages

100
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FRIB Facility Challenges and Complexity

» Large-scale low-3 superconducting linac

* High-power beam-intercepting devices
« Charge stripping and charge collection devices
» Target and beam dump devices

= Multiple charge-state acceleration

» Advanced Rare Isotope Separator complexity
» L egacy system interfacing and integration

» Multi-layered machine protection

Facility for Rare Isotope Beams

of ffice of
I I zl B &m ettt = J. Wei, SRF2023 MOIAAO1, Slide 9



Large-scale Low- Superconducting Linac

* Integrated design of cryogenics, cryo-distribution, and cryomodules
- E,.. Achieved in the FRIB Linac: Total 324 Cavities = All resonators can

(IRRARE MR IRl ] llls|  Operate at either 2
Kor4.5K

" |n operations,
HWR runs at 2 K,

0 .
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Cryomodule Average E_.in the FRIB Linac: 46 Cryomodules with 324 Cavities 4 ' 5 K
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Measurements = Specifications

-
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High-power Charge-stripping Devices

» Operating with charge strippers of either liquid-lithium film (for high-
power operation) or rotatlng carbon foil (for light |ons)

; :_-— SR

e ;ﬂi -i%:-;'._-' ..u.wﬁ-‘ﬂ

Liquid Hthium or charge trlppe -,'-
stripping container \

a‘ Facility for Rare Isotope Beams
6 ’ U“S. Department orf Energy Office of Science

Michigan State University

q, rg

Astripper
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High-power Targetry Devices

» Rotating, single-slice graphite target for rare isotope production
« Absorbs ~ 25% beam power; accommodate small (~ @ 1 mm) beam size

» Static beam dump with shallow beam incident angle

» Absorbs ~ 75% beam power; consideration of radio-activation in water and
surroundings

i sacna speoe senon sesapEaar sossa name Aacas sERa AsCS ApSEARERASEET A T ro n::-":‘ - € Ry, ¥
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Multiple Charge-state Acceleration

» Routinely accelerating up to three charge state simultaneously to
enhance beam intensity and reduce controlled beam loss downstream

of charge stripper
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FRIBE .

= Beams of multi charge
states tuned to
overlap at specified
locations
 Target (present)

« Charge stripper
(future)

= Will extend work to
linac segment 1
(upstream of charge
stripper)
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Advanced Rare Isotope Separator complexity

= Collects ~ 100% fragments produced at the target; select individual
iIsotopes for delivery to desired experimental station
* Three stages fragment separation
» In-flight rigidity selection and selective energy loss in profiled degraders
« Combination of vertical and horizontal separation
» Momentum compression in the vertical plane
» Preserves good phase space for gas stopping in the horizontal plane

* Optically corrected to 3™ order and operate over rigidity range of 1 to 8 T'm
A1900 Reconfiguration

" |ssues:
Stage 2
Dispersive s * Newly constructed
e ot VPS meets legacy
N D =
S S L e, A1900 reconfigured
& i Pre-Separator Stage 3 = e . .
Target Hall Q@ Q/:% Achro%atic Dispgrsive ; » Apertu re limited
Beam '-‘g. Pre-Separator Acsr:?s:lastic ” Magnets nOt
WEdge ﬁ?/ Dispersive Compensated

» Lack of diagnostics
and correctors

F R I B Q Facility for Rare Isotope Beams
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Legacy System Interfacing and Integration
Legacy Cryogenic System Demands Renovation & Integration

FRIB’s state-of-the-art, highest efficiency’ I= NSCL “green cold box” is < 30%
helidffi'fe aﬂp?tpm supp > efficient and less reliable than FRIB
both 2 K & 4.5 KJoa / central helium liquefier (cryoplant)
-

. ﬁ ® o> 1" FRIB experimental area cryogenics are
e "f.yf designed to a higher pressure rating to
M» recover helium from magnet quenches
N\ and for increase availability

" FRIB 35 — 55 K shield allows HTS (high

temperature superconductor)
application for magnets

W



Multi-layered Machine Protection

* High power, low-energy ions beams: short stopping range and high

power density

» Must mitigate both acute & chronicle beam loss (by beam inhibition)

System Time Detection Mitigation

FPS ~35us  LLRF controller LEBT bend
Dipole current monitor eleqtro-
Dafferential BCM static

Ton chamber monitor deflector

Halo monitor ning
Fast neutron detector

Differential BPM

RPS1 ~100ms  Vacuum status As above;
Cryomodule status ECR source
Non-dipole PS HV
Quench signal

RPS2 =1s Thermo-sensor As above

Cryo. heater power
a Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
&ﬁ Michigan State University

» Used extensively in
driver linac

* Need to extend use in
high power targetry
systems

J. Wei, HIAT'15 MOM1102, Slide 16



Lessons Learned during FRIB Construction

Recruit worldwide and retains key subject matter experts (own the best people)
Develop and mature key technologies in time to support the project schedule (own the technology)

Align interests for infrastructure investment to support key construction steps and future research (align
interests, invest in infrastructure)

Closely collaborate with US national labs and worldwide partners for knowledgle transfer and project
support; rigorously manage collaboration (collaborate without losing control)

Strategically facilitate phased commissioning to stagger work force, validate design principles, feed back
on improvements, and meet schedule (phase the scope for optimization)

Conduct rigorous external reviews, inviting the best experts to critique the work (review rigorously)

Engage with industrial providers via exchange visits, weekly meetings, and extended stays (intimately
engage vendors)

The original “turn-ke¥” approach to procure the large-scale cry%genic helium system from industry
0

exposed the project to serious risks in budget and scope (avoid “turn-key” on large-scale
cryogenics)

Early shortcuts taken in SRF/QWR sub-component validation was costly (avoid shortcuts)
Shared vacuum vessels in the target area complicate maintenance (consider maintenance)

Lack of diagnostics and correctors in the 3D geometric layout complicates fragment separation (ensure
adequate diagnostics and adjustments)

Conduct systematic R&D for novel technology, e.g. bottom-up cryomodule (systematic R&D);

Thorough testing is needed for all major technical equipment, e.g. SRF sub-components, cryomodules,
superconducting magnets (test thoroughly)

Pro-actively facilitate critical system validation, e.g. for liquid Li stripper (facilitate critical validation)
— J. Wei, SRF2023 MOIAAOT, Slidé 17



Down time, performance
and reliability, power ramp up
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Delivered 5250 Hours Year 1; 92% Availability

1528 Hours for Scientific users; 2724 Hours for Beam
Development, Studies and Tuning; 998 Hours for FSEE Beamline
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Breakdown Hours by Category 10/01/2022 to 03/31/2023

55.0
355
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19.7%17.5%11.3%10.3% 6.4% 5.1% 4.8% 3.0% 2.9% 2.8% 2.8% 2.6% 2.3% 1.8% 1.4% 1.3% 0.8% 0.7% 0.6% 0.6% 0.4% 0.3% 0.2% 0.2% 0.2% 0.1% 0.1% 0.1%
LCR LSM RF BIM PRC FM SRF SAF MPS SRC CST USR LIV LST HWC RIV OTH GTS RFQ UTL CRY CM PS CAV XM APP CFE SMG

LCR Legacy Cryogenics

CST Carbon stripper

LSM Legacy Superconducting Magnets USR User related issue

RF  Radio frequency systems LIV  Linac beamline vacuum
BIM  Beam instrumentation LST Lithium Stripper

PRC Procedural Violation/Investigation HWC Hardware Controls

FM  Force Majeure RIV  Rare isotope vacuum
SRF Superconducting RF (cavity trips) OTH Other

SAF Safety systems, incl. monitors GTS Global timing system
MPS Machine protection and global systems RFQ RFQ

SRC lon sources

FRIBE .

UTL Utilities

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University

m Breakdown Hours

1.8 18 12 09 07 07 06 05 02 02

CRY
CM
PS
CAV
XM
APP
CFE
SMG

Cryogenics

Cryomodules

Power Supplies

Normal conducting cavities
X-ray monitors

Control applications
Conventional facility electricity
Superconducting Magnets

J. Wei, SRF2023 MOIAA01, Slide 19



SRF Performances in Operations

* Four out of 324 cavities currently not being used in operations until the
next maintenance period

+.Replacement of failed power coupler; cold cathode gauge; pneumatic tuner
gas line cleaning; gas line operating pressure

* Plan to swap
1-2
cryomodules
per year for
optimal
performance

= Developing
plasma
processing for
in-situ
cleaning

Max gradient / specification (%)

Cryomodule along linac

F R I B @‘ Facility for Rare Isotope Beams
Uus.bD fE Offi fS
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A Safe Power Ramp Up with Phased Deployment

EPOCH

Beam power

ARTEMIS, light ion beams from gas

ARTEMIS, heavy ion beams from metal

High power ECR, gas beams

High power ECR, metal beams

Intermediate power charge selector in FS1

10 kW

20 kW

High power charge selector in FS1

50 kW

Post-stripper chicane

Additional beam collimation in FS2, BDS

Dual charge state heavy ions upstream of
the stripper (velocity equalizer)

Rotatable target, 1 slice

Rotatable target, multi-slice

Post-target shield

Beam dump 6° slant (S-shape)

Beam dump 6° slant (S-shape), better cooling

Rotatable beam dump, 1-mm wall

100 kW

200 kW

400 kW

Rotatable beam dump, 0.5-mm wall

Medium power ladder wedge system with
adjustable slits (hands-on)

High power wedge system (remote handling)

PPS upgrade with fast ionization chambers

FRIBE .

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science
Michigan State University

* Planned power ramp
up in 6 years
* Progressively
increase average
beam current

* Phased deployment
of several systems

« Beam intercepting
systems

* Personnel protection
system

 Radio-activation
control

J. Wei, SRF2023 MOIAA01, Slide 21



Improvements and
iInvestments
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Accelerator Improvements and R&D Are
Essential for Availability and Power Ramp Up

= Examples of accelerator
Improvement projects and capital
equipment investments

» Examples of planned accelerator
R&D

Helium preservation & cryogenics legacy mitigation
Next-generation coil domunated SC magnets
Next-generation fragment separator beam dump
Improved lithrum pump circuit

Intermediate power charge selector

Optimized shielding 1n fragment separator

Legacy cryogenics system: mitrogen savings plan
Vanable degrader wedge system

B = 0.65 buncher cryomodule

ARIS corrector magnets

Feedback system for charge stripper

ReA beam cleaning chopper and power supply
Machmne Protection System: loss detection

High mtensity multiple charge state equupment
Secondary beam line controls legacy digital hygiene
High power secondary beam diagnostics

Beam interception device utility activation control
Beam line for third 10n source

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science
Michigan State University

FRIB{,,

High power targetry and matenal

Model-based automatic tuning

Secondary beam efficiency optimization

Advanced technology for liquid lithtum stopper
Detectors for high-rate particle identification/tracking
ARIS automation

Cryogenic technology and infrastructure

SRF technology and infrastructure

SC magnets for heavy-ion spectrometry

Fast beam loss detection and protection
Instrumentation for high intensity beam diagnostics
Physics of multi-charge-state 10on beams

J. Wei, SRF2023 MOIAA01, Slide 23



SRF Improvement and Development Example

» Plasma processing

« W. Hartung et al., “Investigation of plasma
processing for coaxial resonators,” THIXAO1.

F

= Optimization for 4 K operation
 Improved quality factor with 120°C baking

* HWR High-field performance improvement

« K. Saito, “Development of transformative
cavity processing: superiority of
electropolishing on high gradient performance
over buffered chemical polishing at low
frequency (322 MHz),” MOPMBO026.

= In-situ swapping of FPC RF windows

* S. Kim, “FRIB commissioning and first
operation,” TTC’22, Aomori, Japan, 2022.

Q, from Re=P= P,

a Facility for Rare Isotope Beams
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FRIB400: energy upgrade
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FRIB400: Extend Scientific Reach and
Discovery Potential

» Doubles linac beam energy (to 400 MeV/u for uranium) by adding 11
cryomodules, each containing 5 (B = 0.65) cavities at 644 MHz
* Filling reserved slots in FRIB tunnel
« Expanding cryo-distribution

» R&D and design in progress

1E11

- $65-002 30 um EP + 10 um cold EP 2K

3 B S65-002 (2/0) N-doped + 7 um cold EP 2K < 1 mG
8E10 iz A $65-001 30 um EP + 10 um cold EP 2 K

E A $65-001 (2/0) N-doped + 7um + 5 um col

3 FRIB400 Design goal
6E10 - o8

4E10] A

o
c

2E10

TrTrrTrTrrTrrTrTroT

——— r
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Eacc (MV/m)

F R I B @‘ Facility for Rare Isotope Beams
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Summary
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Collaboration with National Laboratories
and International Partners: Key to Success

ANL
+ Liquid lithium charge stripper

» Beam dynamics verification ; =0.29 HWR
processing and testing ; SRF tuner validation ;
beam dump ; SRF components development

* RF couplers for multi-gap buncher
+ SOLARIS
BNL BROOKHFAVEN

+ Plasma window & charge stripper, W AR e
physics modeling, magnets

FNAL 2= Fermilab

» Diagnostics, SRF processing -

JLab Jefferson Lab
+ Cryoplant; cryodistribution design & prototyping ’

« Cavity hydrogen degassing; e-traveler

* HWR processing & certification

* QWR and HWR cryomodule design and engineering support for production

LANL 2
» Proton ion source b H&A'ﬂmﬂ? =

LBNL _— r'il

Afg?ﬂﬂﬁé

SELIE

+ ECR coldmass; beam dynamics —
S I"lir

+ CRIS

ORNL OAK

+ Remote handling, diagnostics; ‘RID{.I-

large-vessel vacuum, cryoplant controls

+ FDSi
SLAC ol A
« Cryogenics, SRF multipacting, Pl Nt

physics modeling
a Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
m Michigan State University

RIKEN
» Helium gas charge stripper
TRIUMF

» Beam dynamics design, physics modeling SRF, QWR
etching

INFN

» SRF technology

KEK

* SRF technology, SC solenoid prototyping
IMP

* Magnets

Budker Institute, INR Institute

» Diagnostics

Tsinghua Univ. & CAS

+ RFQ

ESS

* Accelerator physics

DTRA

* RFQ power supply

CSNSM-JaNNUS

* Nuclear recoil damage to materials
RaDIATE

* Nuclear recoil damage to materials
GANIL

» Rare isotope physics, target development
GSI

» Rare isotope physics, fragment separators
U Notre Dame

* Recoil implantation testing of materials

J. Wei, SRF2023 MOIAA01, Slide 28



Summary

* FRIB has been operating for a year, delivering beams for both
scientific and industrial experiments with the desired reliability and
availability

* The primary beam power has been steadily raised from 1 to 5 kW. In
subsequent years, the beam power will be progressively increased as
operational experience is accumulated, working toward 400 kW

= Accelerator improvement projects, capital equipment investments, and
R&D projects are in progress to renovating legacy systems and
maintain high availability during the beam power ramp-up

= Work is proceeding in preparation for future upgrades, including a
doubling of the primary beam energy to 400 MeV/u to enhance the
scientific reach of the facility

Facility for Rare Isotope Beams

of ffice of
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